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Under the assignment of Ds(3040) as a radially excited p-wave c¯s state with J
P = 1+, we compute
the Bs → Ds(3040) form factors within the covariant light-front quark model. Two classification
schemes for the p-wave c¯s meson are adopted. We also use our results to predict the branching
ratios (BRs), polarization fractions, and angular asymmetries in semileptonic Bs → Ds(3040)ℓν¯(ℓ =
e, µ, τ ). The BRs are found at the order of 10−3 for ℓ = e, µ, and 10−5 for ℓ = τ . We find that
the polarization fractions and angular asymmetries could be useful to pin down the ambiguities in
theoretical prescriptions for Ds(3040). In addition, we investigate the nonleptonic Bs → Ds(3040)M
decays under the factorization method, where M denotes a charged pseudoscalar or a vector meson.
The BRs of Bs → Ds(3040)ρ and Bs → Ds(3040)D
∗
s reach the order of 10
−3, while the other
channels are typically smaller by 1-2 orders.
PACS numbers: 12.39.Ki; 13.20.He; 13.25.Hw
I. INTRODUCTION
The observations of a number of new resonances, such as the narrow states Ds(2317) in the D
+
s π
0 final state and
Ds(2460) in the D
∗
sπ
0 and Dsγ channel [1, 2], have brought great opportunities for our understanding of nonpertur-
bative QCD in the charm mass region. They also initiate tremendous efforts on the exploration of exotic hadrons
beyond the naive quark model and revive great interests in the study of the cs¯ spectrum [3].
In the heavy quark limit, the heavy quark will decouple from the light degrees of freedom and act as a static color
source. Strong interactions will be independent of the heavy flavor and spin. In this case, heavy-light mesons, the
eigenstates of the QCD Lagrangian in the heavy quark limit, can be labeled according to the total angular momentum
sl of the light degrees of freedom. Heavy mesons with the same sl but different spin orientations of the heavy quark
fill into one doublet. Accordingly, heavy mesons can be classified by these doublets, characterized by sl instead of the
commonly-used quantum numbers, 2S+1LJ .
The classification scheme based on the heavy quark symmetry applies to the DsJ mesons. For instance, Ds(1969)
and D∗s(2112) can be arranged into the lowest-lying doublet with J
P
sl = (0
−, 1−)1/2. Among the p-wave cs¯ states,
Ds0(2317) and Ds1(2460) belong to the doublet with J
P
sl
= (0+, 1+)1/2, and doublet J
P
sl
= (1+, 2+)3/2 can be filled
by Ds1(2536) and Ds2(2573). Despite some controversies over their internal structures, these mesons have been well
established in experiment.
Several other resonant signals have also been observed recently on the B factories and other facilities. The SELEX
collaboration reported one narrow state DsJ (2632) in 2004 [4], which however, has not been confirmed so far by other
experiments. Ds(2710) is announced in B meson decays by the Belle collaboration [5] and also confirmed by the
BaBar results [6]. The Ds(2860) is discovered in the DK final state by BaBar [7]. Recently, the BaBar collaboration
has reported one new DsJ state in the study of the e
+e− annihilations [6]. The mass and decay width of this broad
state are
m = (3044± 8+30−5 )MeV, Γ = (239± 35+46−42)MeV. (1)
Its quantum numbers could be JP = 0−, 1+, 2−..., taking into account its signal in D∗K instead of DK. The angular
analysis is not available because of the limited statistics.
During the past few years, some progresses have been made in the classification of these states and understanding
of their peculiar properties in the production or decay processes. Towards this direction, if the 3− assignment of
Ds(2710) [8–10] is confirmed by the data (see Ref. [11] for an alternative scenario), the Ds(3040) would be unfavored
to be 2− since the mass inversion seems unlikely. On the other hand, the 1+ assignment is favored in several aspects.
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2Firstly, this explanation is supported by the study of the spectroscopy of excitedDs mesons [12–14], though predictions
in Refs. [15, 16] are lower than the experimental value by roughly 200 MeV. Reference [10] investigates these new
DsJ mesons in a semi-classic flux tube model and concludes that Ds(3040) is compatible with the 1
+ assignment.
The authors of Ref. [17] have studied the strong decays of Ds(3040) with four different assignments, and find that the
decay width with JP = 1+ is also consistent with the value given by BaBar. The strong decays of Ds(3040) are also
investigated in the 3P0 constituent quark model [18] and chiral quark model [19], respectively.
The verification of the above new states can be via not only the analysis of their decay properties, which have been
widely discussed in the literature, but also via their productions, which so far have not been investigated in detail.
The production processes of the above mentioned new states in Bs decays would be an ideal way of probing their
properties. Productions of Ds(2317) and Ds(2460) in the Bs decays have received some theoretical attentions [22–26].
On the experimental side, a large number of Bs events will be collected by the LHCb [20] and forthcoming Super
B factory experiment [21]. From the theoretical viewpoint, the degrees of freedom over the mb scale in Bs decays
can be computed in the perturbation theory and the evolution between the mW and mb can be organized using the
renormalization group. The low-energy effects, which are parameterized into hadronic form factors, will then probe
the structures of the DsJ mesons.
To proceed, we will study the Bs → DsJ form factors and the production rates of DsJ mesons in semileptonic and
nonleptonic Bs decays in the framework of a covariant light-front quark model (LFQM) [27]. This approach is suitable
for handling the heavy-light mesons and has been successfully applied to various processes [28–33]. In particular, we
will focus on the Ds(3040) with its assignment as a 2P state. The Bs → D∗s transition form factors will be extracted
as a byproduct.
This paper is organized as follows. In the next section, an introduction to the light-front quark model and expressions
for the transition form factors between the Bs and (D
∗
s , Ds(3040)) mesons are presented. In Sec. III, we compute
the form factors under two different assignments for the Ds(3040). With the form factors at hand, we will explore in
Sec. IV the semileptonic Bs decays and the nonleptonic Bs → Ds(3040) decays under the factorization assumption.
The last section contains our conclusions.
II. FORM FACTORS IN THE COVARIANT LFQM
In the effective electroweak Hamiltonian responsible for Bs → DsJ lν¯ [34]
Heff =
GF√
2
Vcb[c¯γµ(1− γ5)b][l¯γµ(1− γ5)ν], (2)
GF and Vcb are the Fermi constant and the Cabibbo-Kobayashi-Maskawa (CKM) matrix element, respectively. The
leptonic part can be directly calculated using perturbation theory. The residual part contains hadronic effects and
will be incorporated into the transition form factors as
〈D∗s (P ′′, ε′′∗)|Vµ|Bs(P ′)〉 = −
1
mBs +mD∗s
ǫµναβε
′′∗νPαqβV BsD
∗
s (q2),
〈D∗s (P ′′, ε′′∗)|Aµ|Bs(P ′)〉 = i
{
(mBs +mD∗s )ε
′′∗
µ A
BsD
∗
s
1 (q
2)− ε
′′∗ · P
mBs +mD∗s
PµA
BsD
∗
s
2 (q
2)
−2mD∗s
ε′′∗ · P
q2
qµ
[
A
BsD
∗
s
3 (q
2)−ABsD
∗
s
0 (q
2)
]}
,
〈Ds1(P ′′, ε′′∗)|Aµ|Bs(P ′)〉 = − i
mBs −mDs1
ǫµναβε
′′∗νPαqβABsDs1(q2),
〈Ds1(P ′′, ε′′∗)|Vµ|Bs(P ′)〉 = −
{
(mBs −mDs1)ε′′∗µ V BsDs11 (q2)−
ε′′∗ · P
mBs −mDs1
PµV
BsDs1
2 (q
2)
−2mDs1
ε′′∗ · P
q2
qµ
[
V BsDs13 (q
2)− V BsDs10 (q2)
]}
, (3)
where P = P ′ + P ′′, q = P ′ − P ′′, and the convention ǫ0123 = 1 is adopted. The vector and axial-vector currents are
defined as c¯γµb and c¯γµγ5b. We have adopted the 1
+ assignment, denoted as Ds1 hereafter, for the Ds(3040) meson.
In the subsequent analysis two kinds of axial-vectors (2S+1LJ =
3 P1 or
1P1) will be considered, and for short we will
also abbreviate them as 3A and 1A, respectively. To smear the singularity at q2 = 0, we obtain the constraints on the
3p′
1
−p2
P ′′P
′
p′′
1
FIG. 1: Feynman diagram for a transition form factor, where the cross symbol denotes the electroweak vertex.
form factors A
BsD
∗
s
3 (0) = A
BsD
∗
s
0 (0) and V
BsDs1
3 (0) = V
BsDs1
0 (0), where
A
BsD
∗
s
3 (q
2) =
mBs +mD∗s
2mD∗s
A
BsD
∗
s
1 (q
2)− mBs −mD∗s
2mD∗s
A
BsD
∗
s
2 (q
2), (4)
V BsDs13 (q
2) =
mBs −mDs1
2mDs1
V BsDs11 (q
2)− mBs +mDs1
2mDs1
V BsDs12 (q
2). (5)
To be specific, we will compute these transition form factors by considering the general P → V and P → A
transitions, where A denotes either 3P1 or
1P1 state. The LFQM is based on the light-front field theory, where
the plus component of the gluon degrees of freedom vanishes in the light-cone gauge. In this framework, it is
convenient to use the light-front decomposition of the momentum P ′ = (P ′−, P ′+, P ′⊥), with P
′± = P ′0±P ′3, so that
P ′2 = P ′+P ′− − P ′2⊥ . The incoming (outgoing) meson has the momentum of P ′ = p′1 + p2 (P ′′ = p′′1 + p2) and mass
of M ′ (M ′′). The quark and antiquark inside the incoming (outgoing) meson have the mass m
′(′′)
1 and m2. Their
momenta are denoted as p
′(′′)
1 and p2, respectively. In particular, these momenta can be expressed in terms of the
internal variables (xi, p
′
⊥)
p′+1,2 = x1,2P
′+, p′1,2⊥ = x1,2P
′
⊥ ± p′⊥, (6)
with x1 + x2 = 1. Using these internal variables, one can define some useful quantities for the incoming meson
M ′20 = (e
′
1 + e2)
2 =
p′2⊥ +m
′2
1
x1
+
p′2⊥ +m
2
2
x2
, M˜ ′0 =
√
M ′20 − (m′1 −m2)2,
e
(′)
i =
√
m
(′)2
i + p
′2
⊥ + p
′2
z , p
′
z =
x2M
′
0
2
− m
2
2 + p
′2
⊥
2x2M ′0
, (7)
where ei can be interpreted as the energy of the quark or the antiquark, and M
′
0 is the kinetic invariant mass of the
meson system. One advantage of these internal quantities is that they are Lorentz invariant. The definition of the
internal quantities for the outgoing meson is similar. To formulate the amplitude for the transition form factor, we
also require the Feynman rules for the meson-quark-antiquark vertices (iΓ′M )
iΓ′P = H
′
Pγ5,
iΓ′V = iH
′
V [γµ −
1
W ′V
(p′1 − p2)µ],
iΓ′3A = iH
′
3A[γµ +
1
W ′3A
(p′1 − p2)µ]γ5,
iΓ′1A = iH
′
1A[
1
W ′1A
(p′1 − p2)µ]γ5. (8)
In the case of the outgoing meson, we shall use i(γ0Γ
′†
Mγ0) for the relevant vertices.
The lowest order contribution to a form factor is depicted in Fig. 1, in which the cross label in the diagram denotes
the V, A transition vertex. In Bs to DsJ decays, p
′
1(p
′′
1 ) is the momentum of the bottom (charm) quark, while p2
is the momentum of the antiquark. Physical quantities, e.g. decay constants and form factors, can be expressed in
terms of Feynman momentum loop integrals which are manifestly covariant. As an example, we consider the P → V
transition
BPVµ = −i3
Nc
(2π)4
∫
d4p′1
H ′P (iH
′′
V )
N ′1N
′′
1N2
SPVµν ε
′′∗ν , (9)
4where N
′(′′)
1 = p
′(′′)2
1 −m′(′′)21 and N2 = p22−m22 arise from the quark propagators and Nc = 3 is the color factor. The
function SPVµν is from the Lorentz contraction of the propagators and the vertex functions
SPVµν = (S
PV
V − SPVA )µν
= Tr
[(
γν − 1
W ′′V
(p′′1 − p2)ν
)
(6p′′1 +m′′1)(γµ − γµγ5)(6p′1 +m′1)γ5(− 6p2 +m2)
]
. (10)
The form factors will be obtained by evaluating the above formulas. In practice, we perform the integration over
the minus component within the contour method. If the covariant vertex functions are not singular when perform the
integration, the amplitude will pick up the singularities in the antiquark propagator. This manipulation then leads to
N
′(′′)
1 → Nˆ ′(′′)1 = x1(M ′(′′)2 −M ′(′′)20 ),
H
′(′′)
M → h′(′′)M ,
W ′′M → w′′M ,∫
d4p′1
N ′1N
′′
1N2
H ′PH
′′
V S
PV → −iπ
∫
dx2d
2p′⊥
x2Nˆ ′1Nˆ
′′
1
h′Ph
′′
V Sˆ
PV , (11)
where
M ′′20 =
p′′2⊥ +m
′′2
1
x1
+
p′′2⊥ +m
2
2
x2
(12)
with p′′⊥ = p
′
⊥ − x2 q⊥. The explicit forms of h′M and w′M used in this work are given by [27, 28]
h′P = h
′
V = (M
′2 −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
ϕ′,√
2
3
h′3A = (M
′2 −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
M˜ ′20
2
√
3M ′0
ϕ′p,
h′1A = (M
′2 −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
ϕ′p,
w′3A =
M˜ ′20
m′1 −m2
, w′1A = 2, (13)
where ϕ′ and ϕ′p are the light-front wave functions for the s-wave and p-pave mesons, respectively.
One difference between the conventional LFQM [35–38] and the covariant LFQM lies in the treatment of the
constituent quarks. In the conventional LFQM, the constituent quarks are required to be on mass shell. Physical
quantities can be extracted from the plus component of the current matrix elements. However, this framework suffers
from the non-covariance problem arising from the missing zero-mode contributions. This drawback is resolved by
including the so-called Z-diagram. In the covariant LFQM the quarks and antiquarks are off-shell and the physical
quantities are written as the integration over the 4-momentum of the antiquark. The conventional LFQM will be
recovered after the integration over the minus component, where the antiquark is set on-shell. The Lorentz covariance
would be lost again as it receives additional contributions proportional to the light-like four vector ω˜ = (0, 2,0⊥).
This is spurious since the vector never appears in the definition of the form factors. The advantage of the covariant
LFQM is that we can directly handle the non-covariant terms instead of compute the Z-diagram. Specifically, the
spurious terms can be eliminated by performing the p− integration in a proper way and the corresponding rules are
derived in Refs. [27, 28]. The above manipulation results in the expression for P → V form factors:
g(q2) = − Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
x2m
′
1 + x1m2 + (m
′
1 −m′′1 )
p′⊥ · q⊥
q2
+
2
w′′V
[
p′2⊥ +
(p′⊥ · q⊥)2
q2
]}
,
5f(q2) =
Nc
16π3
∫
dx2d
2p′⊥
h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
2x1(m2 −m′1)(M ′20 +M ′′20 )− 4x1m′′1M ′20 + 2x2m′1q · P
+2m2q
2 − 2x1m2(M ′2 +M ′′2) + 2(m′1 −m2)(m′1 +m′′1)2 + 8(m′1 −m2)
[
p′2⊥ +
(p′⊥ · q⊥)2
q2
]
+2(m′1 +m
′′
1)(q
2 + q · P )p
′
⊥ · q⊥
q2
− 4q
2p′2⊥ + (p
′
⊥ · q⊥)2
q2w′′V
[
2x1(M
′2 +M ′20 )− q2 − q · P
−2(q2 + q · P )p
′
⊥ · q⊥
q2
− 2(m′1 −m′′1)(m′1 −m2)
]}
,
a+(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
(x1 − x2)(x2m′1 + x1m2)− [2x1m2 +m′′1 + (x2 − x1)m′1]
p′⊥ · q⊥
q2
−2x2q
2 + p′⊥ · q⊥
x2q2w′′V
[
p′⊥ · p′′⊥ + (x1m2 + x2m′1)(x1m2 − x2m′′1)
]}
,
a−(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
2(2x1 − 3)(x2m′1 + x1m2)− 8(m′1 −m2)
[
p′2⊥
q2
+ 2
(p′⊥ · q⊥)2
q4
]
−[(14− 12x1)m′1 − 2m′′1 − (8− 12x1)m2]
p′⊥ · q⊥
q2
+
4
w′′V
(
[M ′2 +M ′′2 − q2 + 2(m′1 −m2)(m′′1 +m2)](A(2)3 +A(2)4 −A(1)2 )
+Z2(3A
(1)
2 − 2A(2)4 − 1) +
1
2
[x1(q
2 + q · P )− 2M ′2 − 2p′⊥ · q⊥ − 2m′1(m′′1 +m2)
−2m2(m′1 −m2)](A(1)1 +A(1)2 − 1)q · P
[
p′2⊥
q2
+
(p′⊥ · q⊥)2
q4
]
(4A
(1)
2 − 3)
)}
, (14)
with
V BsD
∗
s (q2) = −(mBs +mD∗s ) g(q2), A
BsD
∗
s
1 (q
2) = − f(q
2)
mBs +mD∗s
,
A
BsD
∗
s
2 (q
2) = (mBs +mD∗s ) a+(q
2), A
BsD
∗
s
3 (q
2)−ABsD∗s0 (q2) =
q2
2mD∗s
a−(q
2). (15)
The functions Z2, A
(1)
1 , A
(1)
2 , A
(2)
3 , and A
(2)
4 are given in the Appendix.
The computation of Bs → Ds(3040) transition is analogous, and in fact, the B →3 A form factors are related to
the B → V ones. In particular, the auxiliary form factors are given as
ℓ
3A(q2) = f(q2) with (m′′1 → −m′′1 , h′′V → h′′3A, w′′V → w′′3A),
q
3A(q2) = g(q2) with (m′′1 → −m′′1 , h′′V → h′′3A, w′′V → w′′3A),
c
3A
± (q
2) = a±(q
2) with (m′′1 → −m′′1 , h′′V → h′′3A, w′′V → w′′3A), (16)
where the replacement of m′′1 → −m′′1 does not apply to m′′1 in w′′ and h′′, as it arises from the propagators and
quark-antiquark-meson coupling vertex
SP
3A
µν = (S
P 3A
V − SP
3A
A )µν
= Tr
[(
γν − 1
W ′′3A
(p′′1 − p2)ν
)
γ5(6p′′1 +m′′1)(γµ − γµγ5)(6p′1 +m′1)γ5(− 6p2 +m2)
]
= −SPVµν |W ′′V →W ′′3A,m′′1→−m′′1 . (17)
6Then, the Bs → Ds(3A) form factors can be expressed by
ABsDs1(
3A)(q2) = −(mBs −mDs1(3A)) q
3A(q2), V
BsDs1(
3A)
1 (q
2) = − ℓ
3A(q2)
mBs −mDs1(3A)
,
V
BsDs1(
3A)
2 (q
2) = (mBs −mDs1(3A)) c
3A
+ (q
2), V
BsDs1(
3A)
3 (q
2)− V BsDs1(3A)0 (q2) =
q2
2mDs1(3A)
c
3A
− (q
2). (18)
The analysis is similar for the 1A meson but only the w′′1A terms contribute in the transition form factors, stemming
from the structures of meson-quark-antiquark coupling vertices shown in Eq. (8).
Before closing this section, it is worth mentioning that the identification of Ds(3040) with either
3P1 or
1P1
configuration may be inappropriate. As discussed above, in the heavy quark limit the QCD Lagrangian is invariant
under the heavy flavor and spin rotation. Thus, the heavy quark will decouple from the remanent part. One direct
consequence is that the heavy mesons are not labeled by the quantum number 2S+1LJ but by the total angular
momentum sl of the light quark degrees of freedom. Finite heavy quark mass corrections will break this symmetry,
and mesons with the same spin-parity JP will mix with each other. The relation between these two bases is
|P 3/21 〉 =
√
2
3
|1P1〉+
√
1
3
|3P1〉,
|P 1/21 〉 =
√
1
3
|1P1〉 −
√
2
3
|3P1〉. (19)
As follows, we will compute the Bs → Ds(3040) form factors and make predictions for physical observables in the
relevant Bs decays under these two schemes.
III. NUMERICAL RESULTS
Expressions for form factors shown in Eq. (14) involve the quark masses, hadron masses and the light front wave
functions (LFWFs) ϕ′ and ϕ′p. The latter should be obtained by solving the relativistic Schro¨dinger equation. However,
in practice a phenomenological wave function to describe the hadronic structure is preferred. In this work, we will
use the simple Gaussian-type wave function which has been extensively adopted in the literature [28, 29]
ϕ′ = ϕ′(x2, p
′
⊥) = 4
(
π
β′2
)3/4√
dp′z
dx2
exp
(
−p
′2
z + p
′2
⊥
2β′2
)
,
dp′z
dx2
=
e′1e2
x1x2M ′0
. (20)
Similarly for the Ds(3040), as one of the 2P states, the wave function is given as
ϕ′p = ϕ
′
p(x2, p
′
⊥) = 4
√
2
3
(
π
β′2
)3/4√
2
β′2
√
dpz
dx2
exp
(
−p
2
⊥ + p
2
z
2β′2
)
×
(
p2⊥ + p
2
z
β′2
− 3
2
)
. (21)
The constituent mass for a heavy quark is usually believed close to the current quark mass. Running quark masses
for a charm and bottom quark in the MS renormalization scheme are constrained as [39]
mb = (4.19
+0.18
−0.06)GeV, mc = (1.27
+0.07
−0.09)GeV, (22)
while the corresponding pole masses (with one-loop anomalous dimension) are
mb = (4.65
+0.20
−0.07)GeV, mc = (1.56
+0.09
−0.11)GeV , (23)
with αs(mZ = 91.19GeV) = 0.120 [39] in the renormalization group evolution equation. The quark mass extracted
from the Υ(1S) is
mb = (4.67
+0.18
−0.06)GeV. (24)
In a phenomenological approach such as the quark model used in this work, the constituent quark mass is chosen
close to the above results.
As well known, the constituent mass of a light quark largely deviates from its current mass due to non-negligible
contributions from gluon degrees of freedom. In this case, only phenomenological values can be employed, and in
principle, they can be constrained within a global fit under a specific framework. In this work, we will employ the
7values which are consistent with the previous studies in the covariant LFQM. In particular, the same values as in
Ref. [28] will be adopted
mc = (1.4± 0.1)GeV, mb = (4.64± 0.2)GeV, ms = (0.37± 0.05)GeV, (25)
where a comprehensive study on D,B transition form factors has been performed and many predictions are found
in accordance with the experimental data. It is worth mentioning that Ref. [28] only gives the central value for the
quark masses. But here we also include sizable uncertainties to estimate the sensitivity. The above values in Eq. (25)
are also consistent with the results derived from the variational principle in the conventional LFQM [40].
The shape parameter β′, which describes the momentum distribution, is fixed by the meson’s decay constant, of
which the analytic expression is derived as
fP =
Nc
16π3
∫
dx2d
2p′⊥
h′P
x1x2(M ′2 −M ′20 )
4(m′1x2 +m2x
′
1),
fV =
Nc
M ′4π3
∫
dx2d
2p′⊥
h′V
x1x2(M ′2 −M ′20 )
×
[
m1m2 −m21 + x1M ′20 − p′2⊥ +
p′2⊥
wV
(m2 +m1)
]
. (26)
For the Bs meson decay constant, we use the latest Lattice QCD result [41]:
fBs = (231± 15)MeV. (27)
The Ds decay constant can be measured by the semileptonic Ds → µν¯µ decays, for which a number of measurements
are available. The averaged value by the HFAG at 1σ level will be used in this work [42]
fDs = (256.9± 6.8)MeV. (28)
At present, no direct measurement of the D∗s decay constant is available. Fortunately, the heavy quark symmetry
(HQS) implies that this quantity can be related to fDs , i.e.
fD∗s =
√
mDs
mD∗s
fDs = (248.0± 6.6)MeV. (29)
Symmetry breaking effects emerge as power corrections in ΛQCD/mQ (here ΛQCD is the hadronic scale while mQ can
be chosen as mc or mDs,D∗s ), of which the value can amount to 20%. In the present work, we will use the value
derived from the HQS relation and neglect the power corrections. Using the above decay constants, we fix the shape
parameters in the LFWFs as
βBs = (0.6224± 0.0339)GeV, βD∗s = (0.421± 0.007)GeV. (30)
With the instantaneous Bethe-Salpeter method, the decay constant for radially excited 1+ states has been studied
by Ref. [16], i.e.
fDs(23P1) = 204MeV, fDs(21P1) = 50MeV, (31)
but no uncertainties can be found in Ref. [16]. With the value for fDs(23P1) and identifying Ds(3040) as one 2
3P1
state, we find that the shape parameter is close to 0.3 GeV. As a first step to proceed, we will employ this value with
an uncertainty as follows,
βDs(3040) = (0.300± 0.015)GeV. (32)
This choice corresponds to the decay constant
fDs(23P1) = (198
+20
−21)MeV, fDs(21P1) = (58± 5)MeV. (33)
For later convenience, the decay constants of D− extracted from the experimental data of D− → µ−ν¯, and D∗−
from HQS are also listed:
fD = (216.6± 17.2)MeV, fD∗ =
√
mD
mD∗
fD = (209.1± 16.8)MeV. (34)
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FIG. 2: The q2-dependence of the Bs → D
∗
s form factors
Decay constants of the light mesons are obtained by making use of the experimental data of P → lν¯ and τ → V −ντ
decays [39]
fπ = 0.131GeV, fK = 0.16GeV, fρ = 0.2212GeV, fK∗ = 0.2068GeV. (35)
It is worth pointing out that because of the condition q+ = 0 imposed in the course of calculation, form factors
are known only at space-like momentum transfer q2 = −q2⊥ ≤ 0. On the other hand, only time-like form factors
are relevant in physical decay processes. Namely, in the exclusive non-leptonic decays, the form factor at maximally
recoiling (q2 ≃ 0) is required; while the q2-dependent behavior in the full q2 > 0 region is needed in semileptonic B¯s
decays. In order to have the behavior in the whole q2 region, we adopt the parametrization
F (q2) =
F (0)
1− aq2/m2Bs + b(q2/m2Bs)2
, (36)
where F denotes any generic form factors V,A0, A1, A2 for Bs → D∗s , or A, V0, V1, V2 for Bs → Ds1. These parameters
(F, a, b) will be fitted in the space-like region (−20GeV2 < q2 < 0). Then, the form factors will be extrapolated to
the time-like region.
With the above input parameters, our results for the form factors are collected in table I, where the uncertainties
are from the shape parameters of the LFWFs and the constituent quark masses. Our strategy for the uncertainties is
as follows. With the central value for quark masses, we first fix shape parameters so that these values can reproduce
the adopted decay constants. Secondly, we will also compute the errors caused by quark masses but keeping the
shape parameters unchanged. The final uncertainties for the form factors and physical observables will be added in
quadrature. We plot the q2-dependence of the form factors in Fig. 2∼ 6 for Bs → D∗s , Ds1(3P1), Ds1(1P1), Ds1(P 1/21 ),
and Ds1(P
3/2
1 ), respectively.
Several remarks are given in order. Firstly, the Bs → D∗s form factors are related to the B → D∗ form factors by
the flavor SU(3) symmetry. Compared with the computation in Ref. [28]
V BD
∗
(q2) =
0.75
1− 1.29q2/m2B + 0.45(q2/m2B)2
, ABD
∗
0 (q
2) =
0.64
1− 1.30q2/m2B + 0.31(q2/m2B)2
,
ABD
∗
1 (q
2) =
0.63
1− 0.65q2/m2B + 0.02(q2/m2B)2
, ABD
∗
2 (q
2) =
0.61
1− 1.14q2/m2B + 0.52(q2/m2B)2
, (37)
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FIG. 3: The q2-dependence of the Bs → Ds(3040) form factors with
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FIG. 4: The q2-dependence of the Bs → Ds(3040) form factors with
2S+1LJ =
1 P1
we can see that our predictions are compatible with their results. The small differences originate from the SU(3)
symmetry breaking effects in the constituent quark, hadron masses, and decay constants of the initial and final
mesons.
From the results in table I, we can see that although most Bs → Ds1 form factors are smaller than the relevant
Bs → D∗s ones, they are still large enough. It implies that the Bs → Ds1 decay channels are very likely to be
observable. In particular, the large form factors V
BsDs1(P
3/2
1
)
1 and V
BsDs1(
1P1)
1 directly predict the sizable production
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FIG. 6: The q2-dependence of the Bs → Ds(3040) form factors with the quantum numbers P
3/2
1
rates in nonleptonic Bs decays, which will be shown in the following section.
One important feature of the Bs → D∗s form factors is that they become larger with the increasing q2. However,
not all the Bs → Ds1 form factors have this universal behavior. For instance, the form factor V BsDs1(
3P1)
1 decreases
with the increasing q2.
Most form factors have the uncertainties of the order 10% but some of them can reach 20%. The uncertainties are
denoted by the bands in Figs.(3-6). The q2-dependent parameters of V
BsDs(A
3/2)
2 also suffer from large uncertainties.
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TABLE I: Bs → D
∗
s and Bs → Ds(3040) form factors. Four sets of results are shown for Ds(3040), with different assignments
of quantum numbers.
Fi(q
2 = 0) Fi(q
2
max) ai bi
V BsD
∗
s 0.74+0.05−0.05 1.27
+0.13
−0.12 1.34
+0.11
−0.10 0.57
+0.15
−0.13
A
BsD
∗
s
0 0.63
+0.04
−0.04 1.05
+0.06
−0.06 1.30
+0.09
−0.09 0.54
+0.14
−0.12
A
BsD
∗
s
1 0.61
+0.03
−0.03 0.82
+0.05
−0.05 0.71
+0.09
−0.08 0.08
+0.05
−0.04
A
BsD
∗
s
2 0.59
+0.04
−0.04 0.97
+0.09
−0.08 1.24
+0.10
−0.09 0.48
+0.13
−0.11
ABsDs1(
3P1) 0.29+0.03−0.03 0.39
+0.05
−0.05 1.36
+0.12
−0.12 0.26
+0.06
−0.04
V
BsDs1(
3P1)
0 0.27
+0.02
−0.02 0.37
+0.02
−0.02 1.52
+0.10
−0.10 0.30
+0.06
−0.05
V
BsDs1(
3P1)
1 0.97
+0.09
−0.10 0.90
+0.11
−0.12 −0.35
+0.15
−0.18 0.33
+0.14
−0.11
V
BsDs1(
3P1)
2 0.07
+0.02
−0.02 0.07
+0.02
−0.02 −0.25
+0.39
−0.46 0.53
+0.31
−0.23
ABsDs1(
1P1) 0.12+0.01−0.01 0.16
+0.02
−0.02 1.50
+0.10
−0.10 0.71
+0.17
−0.14
V
BsDs1(
1P1)
0 0.52
+0.06
−0.06 0.74
+0.10
−0.09 1.73
+0.11
−0.11 0.48
+0.09
−0.08
V
BsDs1(
1P1)
1 0.62
+0.06
−0.06 0.68
+0.07
−0.07 0.46
+0.12
−0.12 0.12
+0.04
−0.03
V
BsDs1(
1P1)
2 −0.20
+0.03
−0.04 −0.29
+0.06
−0.06 2.03
+0.12
−0.12 1.94
+0.32
−0.26
ABsDs1(P
1/2
1
)
−0.17+0.03−0.02 −0.22
+0.04
−0.04 1.29
+0.14
−0.15 0.14
+0.06
−0.03
V
BsDs1(P
1/2
1
)
0 0.08
+0.05
−0.05 0.12
+0.08
−0.09 2.15
+0.08
−0.25 1.8
+3.7
−1.0
V
BsDs1(P
1/2
1
)
1 −0.43
+0.11
−0.10 −0.37
+0.11
−0.11 −0.87
+0.32
−0.43 0.67
+0.38
−0.26
V
BsDs1(P
1/2
1
)
2 −0.18
+0.03
−0.03 −0.23
+0.05
−0.05 1.21
+0.16
−0.19 0.21
+0.07
−0.04
ABsDs1(P
3/2
1
) 0.27+0.02−0.02 0.36
+0.03
−0.03 1.41
+0.10
−0.10 0.40
+0.08
−0.06
V
BsDs1(P
3/2
1
)
0 0.57
+0.04
−0.04 0.82
+0.07
−0.07 1.67
+0.11
−0.11 0.42
+0.08
−0.07
V
BsDs1(P
3/2
1
)
1 1.06
+0.04
−0.04 1.06
+0.05
−0.06 0.01
+0.07
−0.08 0.17
+0.05
−0.04
V
BsDs1(P
3/2
1
)
2 −0.09
+0.06
−0.04 −0.03
+0.03
−0.04 −6
+5
−10 25
+17
−10
It is fortunate that the magnitude of this form factor is small. Thus, it has little influence on physical processes.
IV. APPLICATIONS TO Bs DECAYS
In this section, we will use the above determined form factors to predict semilepotnic Bs → D∗s(Ds(3040))ℓν¯ and
nonleptonic Bs decays. For nonleptonic Bs decays, the factorization assumption will be used to decompose the decay
amplitudes into the form factors and the decay constant of the emitted meson. In particular, we will only consider
the color-allowed decay channels where factorization assumptions work well and the nonfactorizable contributions are
typically small.
A. Semileptonic Bs decays
With the form factors available, we can investigate the semileptonic Bs → D∗s and Bs → Ds(3040) decays
dΓM
dq2
=
∑
i=L,±
dΓMi
dq2
,
dΓML,±
dq2
=
|GFVcb|2
√
λM
256m3Bsπ
3q2
(
1− m
2
ℓ
q2
)2
(XML , X
M
± ) (38)
where M denotes D∗s or Ds(3040), λM = λ(m
2
Bs
,m2M , q
2), and λ(a2, b2, c2) = (a2 − b2 − c2)2 − 4b2c2. The subscript
(L,±) denotes the three polarizations of the vector and axial-vector c¯s meson along its momentum direction (0,±1).
In terms of the angular distributions, we can study the forward-backward asymmetries (FBAs) of lepton which are
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defined as
dAMFB
dq2
=
∫ 1
0
dz(dΓM/dq2dz)− ∫ 0
−1
dz(dΓM/dq2dz)∫ 1
0 dz(dΓ
M/dq2dz) +
∫ 0
−1 dz(dΓ
M/dq2dz)
where z ≡ cos θ and the angle θ is the polar angle of the lepton with respect to the moving direction of D∗s(Ds1) in
the lepton pair rest frame. Explicitly, we have
dA
D∗s
FB
dq2
=
1
X
D∗s
L +X
D∗s
+ +X
D∗s
−
(
2m2ℓ
√
λD∗sh
D∗s
0 (q
2)A0(q
2)− 4q4
√
λD∗sA1(q
2)V (q2)
)
,
dADs1FB
dq2
=
1
XDs1L +X
Ds1
+ +X
Ds1
−
(
2m2ℓ
√
λDs1h
Ds1
0 (q
2)V0(q
2)− 4q4
√
λDs1V1(q
2)A(q2)
)
, (39)
where
X
D∗s
L =
2
3
[
(2q2 +m2ℓ)(h
D∗s
0 (q
2))2 + 3λD∗sm
2
ℓA
2
0(q
2)
]
,
X
D∗s
± =
2q2
3
(2q2 +m2ℓ )
[
(mBs +mD∗s )A1(q
2)∓
√
λD∗s
mBs +mD∗s
V (q2)
]2
,
h
D∗s
0 (q
2) =
1
2mD∗s
[
(m2Bs −m2D∗s − q
2)(mBs +mD∗s )A1(q
2)− λD∗s
mBs +mD∗s
A2(q
2)
]
,
XDs1L =
2
3
[
(2q2 +m2ℓ)(h
Ds1
0 (q
2))2 + 3λDs1m
2
ℓV
2
0 (q
2)
]
,
XDs1± =
2q2
3
(2q2 +m2ℓ )
[
(mBs −mDs1)V1(q2)∓
√
λDs1
mBs −mDs1
A(q2)
]2
,
hDs10 (q
2) =
1
2mDs1
[
(m2Bs −m2Ds1 − q2)(mBs −mDs1)V1(q2)−
λDs1
mBs −mDs1
V2(q
2)
]
. (40)
Integrating over the q2, we obtain the partial decay width and integrated angular asymmetry for the Bs → DsJ decay
modes:
ΓM = ΓML + Γ
M
+ + Γ
M
− , A
M
FB =
1
ΓM
∫
dq2
∫ 1
−1
sign(z)dz(dΓM/dq2dz)
with
ΓML,± =
∫ (mBs−mM )2
m2l
dq2
dΓML,±
dq2
. (41)
Since there are three different polarizations, it is also meaningful to define the polarization fraction
fL =
ΓL
ΓL + Γ+ + Γ−
. (42)
Our results for the branching fractions, FBAs and polarizations are given in Table II, where Vcb = 0.0412 is
employed [39]. The uncertainties are from the form factors. Several remarks are given in order. Our result for
the B(Bs → D∗s lν¯) is well consistent with the QCD sum rules in Ref. [51], B(Bs → D∗s lν¯) = (5.6 ± 0.2)%, but is
smaller than the prediction in Ref. [52] by roughly 40%, B(Bs → D∗seν¯) = (7.09 ± 0.88)%. At present there are no
experimental data on the semileptonic Bs decays into D
∗
s . Interestingly, our predictions are close to the B → D∗lν¯
data [39] which can be related to the Bs decays by the flavor SU(3) symmetry
B(B¯0 → D∗+l−ν¯) = (5.16± 0.11)%, B(B¯0 → D∗+τ−ν¯τ ) = (1.6± 0.5)%. (43)
Since the flavor symmetry breaking is at a few percent level, our results are also supported by the nonleptonic B and
Bs decay data [39]
B(B¯0 → D+π−) = (2.68± 0.23)× 10−3 ∼ B(B¯0s → D+s π−) = (3.2± 0.9)× 10−3. (44)
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TABLE II: Branching ratios, polarization fractions and angular asymmetries for Bs → D
∗
s and Bs → Ds(3040)
ℓ = µ ℓ = τ
B(B¯0s → D
∗+
s ℓν¯ℓ) (5.2
+0.6
−0.6)× 10
−2 (1.3+0.2−0.1)× 10
−2
fL(B¯
0
s → D
∗+
s ℓν¯ℓ) (51.3
+1.2
−1.3)× 10
−2 (44.5+0.8−0.9)× 10
−2
AFB(B¯
0
s → D
∗+
s ℓν¯ℓ) (−21.7
+1.4
−1.5)× 10
−2) (−5.6+1.4−1.5)× 10
−2
B(B¯0s → D
+
s1(
3P1)ℓν¯ℓ) (2.3
+0.3
−0.3)× 10
−3 (6.1+1.2−1.2)× 10
−5
fL(B¯
0
s → D
+
s1(
3P1)ℓν¯ℓ) (43.3
+3.9
−4.2)× 10
−2 (36.0+1.9−2.2)× 10
−2
AFB(B¯
0
s → D
+
s1(
3P1)ℓν¯ℓ) (−39.7
+4.2
−4.0)× 10
−2 (−16.6+4.0−4.2)× 10
−2
B(B¯0s → D
+
s1(
1P1)ℓν¯ℓ) (2.9
+0.6
−0.6)× 10
−3 (5.2+1.2−1.0)× 10
−5
fL(B¯
0
s → D
+
s1(
1P1)ℓν¯ℓ) (84.0
+2.2
−2.3)× 10
−2 (65.9+3.1−3.0)× 10
−2
AFB(B¯
0
s → D
+
s1(
1P1)ℓν¯ℓ) (−6.8
+1.4
−1.5)× 10
−2 (19.0+2.5−2.6)× 10
−2
B(B¯0s → D
+
s1(P
1/2
1 )ℓν¯ℓ) (3.5
+1.1
−1.0)× 10
−4 (9.9+4.4−3.5)× 10
−6
fL(B¯
0
s → D
+
s1(P
1/2
1 )ℓν¯ℓ) (9.8
+11.9
−3.4 )× 10
−2 (18.0+2.3−0.2)× 10
−2
AFB(B¯
0
s → D
+
s1(P
1/2
1 )ℓν¯ℓ) (−65.0
+13.4
−3.2 )× 10
−2 (−47.6+8.6−2.3)× 10
−2
B(B¯0s → D
+
s1(P
3/2
1 )ℓν¯ℓ) (4.0
+0.4
−0.5 × 10
−3 (9.7+0.8−0.8)× 10
−5
fL(B¯
0
s → D
+
s1(P
3/2
1 )ℓν¯ℓ) (63.9
+3.5
−4.0)× 10
−2 (49.9+1.8−1.6)× 10
−2
AFB(B¯
0
s → D
+
s1(P
3/2
1 )ℓν¯ℓ) (−22.2
+1.9
−2.1)× 10
−2 (2.0+0.7−0.5)× 10
−2
Furthermore our results show that the polarization fractions and angular asymmetries are sizable and can be tested
at the hadron collider and the Super B experiment in the near future.
Compared with Bs → D∗s lν¯, the BRs of the Bs → Ds(3040)lν¯ (l = µ) decays are typically smaller by one order
of magnitude. However, if Ds(3040) has the quantum number P
1/2
1 , the BR would be suppressed by two orders of
magnitude as a consequence of the tiny form factors. The mass of the Ds(3040) is larger than that of D
∗
s , making
the phase space in Bs → Ds1τ ν¯τ much smaller and inducing further suppressions of the BRs. Nevertheless, the BRs
are still large enough to measure in the future. For example, the LHCb experiment will produce more than 106 Bs
mesons per running year, implying that a plenty of the Ds(3040) events will be generated.
Although the production rates for Ds(3040) under the two different descriptions
3P1 and
1P1 are similar, their
polarizations are quite different. For the 3P1 assignment, the form factor V1 is much larger than the other ones. The
interference between different form factors does not manifest. Since both longitudinal and transverse polarizations
depend on this large V1, the polarization fraction is close to 50%. For
1P1, the magnitude of V2 is enhanced and
it has a different sign with V1. These two form factors will provide constructive contributions to the longitudinal
polarization as shown in Eq. (40), and lead to a larger value for fL.
The angular asymmetries in Bs → Ds1lν¯ with Ds1 = (3P1,1 P1) are also different. If the lepton is a light muon,
the mass terms in the angular asymmetries as in Eq. (39) are negligible. Thus, the form factor product V1(q
2)A(q2)
determines the size of the angular asymmetries. For 3P1, the product is much larger than that of the
1P1 assignment.
So is the angular asymmetry, but with a negative sign. If the lepton is changed to a massive tau, the two terms in
Eq. (39) give destructive contributions, which will reduce the modulo of the angular asymmetries for 3P1 and change
the sign for the 1P1.
The above analysis is also similar for the other assignment basis. One exceptional case is the polarization fraction for
the P
1/2
1 . All form factors are relatively small, and the cancelation between V1 and V2 in the longitudinal polarization
results in a small polarization fraction fL.
B. Nonleptonic Bs decays
After the contraction of the highly-virtual degrees of freedom such as the W,Z bosons, the effective Hamiltonian
governing nonleptonic Bs → DsJ decays is given as
Heff =
GF√
2
∑
p,D
VcbV
∗
pD(C1O1 + C2O2) + h.c., (45)
with the four quark operators
O1 = [c¯
αγµ(1− γ5)bα][D¯βγµ(1− γ5)pβ ], O2 = [c¯αγµ(1− γ5)bβ ][D¯βγµ(1 − γ5)pα], (46)
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and C1 and C2 being their Wilson coefficients which arise from the perturbative coefficients over the mb scale. We
use a1 = C1 + C2/3 = 1.07 [34]. In the above equation, it is labeled p = u, c and D = d, s, while α and β are color
indices. The CKM matrix elements are employed as Vud = 0.97418, |Vcd| = 0.23, Vcs = 0.997 and Vus = 0.2255 [39].
Nonleptonic Bs → DsJM decays involve one more meson and the two final state mesons will get entangled with
each other. In case of the M being a light meson, it is feasible to show that the decay amplitude can be decomposed
into two individual parts. This method is known as factorization [46–48]. The light meson moves very fast in the Bs
rest frame and it is made of collinear quark fields and gluon fields. On the contrary, the Bs meson and the recoiled
DsJ are almost at rest and the dynamic degree of freedom is the heavy quark, the light antiquark with quantum
fluctuations. The complete set of the degrees of freedom in these heavy mesons has typically small momentum 1 and
is characterized by the soft fields. Interactions between the two different sectors are forbidden at the leading power
and these two sectors are dynamically separated. The elegant proof rooted in the quantum field theory has been given
in Ref. [49], where an effective field theory built in Ref. [50] has been used.
Under such an effective theory, the matrix element of the four-quark operators in two-body Bs decays is expressed
in terms of the Bs → DsJ form factors, which have been computed in the above, together with the convolution of a
hard kernel T (u) and the light-cone distribution amplitude φ(u) of the light meson. The hard kernel can be computed
in the expansion of αs, and particularly at the leading order T (u) = 1+O(αs). In this case, the analysis based on the
effective theory recovers the naive factorization in which the decay amplitudes for Bs → D∗+s π− and Bs → D∗+s ρ−
are given as
A(B0s → D∗+s π−) =
GF√
2
VcbV
∗
uda1fπA0(m
2
π)
√
λ(m2Bs ,m
2
D∗s
,m2π),
AL(B0s → D∗+s ρ−) =
−iGF√
2
VcbV
∗
uda1fρh
D∗s
0 (m
2
ρ),
AN (B0s → D∗+s ρ−) =
−iGF√
2
VcbV
∗
uda1fρ(mBs +mD∗s )mρA1(m
2
ρ),
AT (B0s → D∗+s ρ−) =
−iGF√
2
VcbV
∗
uda1fρ
√
λ(m2Bs ,m
2
ρ,m
2
D∗s
)
(mBs +mD∗s )
mρV (m
2
ρ). (47)
In the above, the amplitude of Bs → D∗+s (PD∗s )ρ−(Pρ) has been decomposed according to the Lorentz structures
A = AL + ǫ∗D∗s (T ) · ǫ
∗
ρ(T )AN + iAT ǫαβγρǫ∗αD∗s ǫ
∗β
ρ
2P γD∗sP
ρ
ρ√
λ(m2Bs ,m
2
D∗s
,m2ρ)
. (48)
We will also consider the decay channels in which the light meson (π−, ρ−) is replaced by K−, D−, D−s or
K∗−, D∗−, D∗−s . The partial decay width of Bs → D∗sP , where P denotes a pseudoscalar meson, is given by
Γ(Bs → D∗sP ) =
|~p|
8πm2Bs
∣∣A(Bs → D∗sP )∣∣2 , (49)
with |~p| being the three-momentum of the D∗s in the Bs meson rest frame. For Bs → D∗sV , the partial decay width
is the summation of the three polarizations
Γ(Bs → D∗sV ) =
|~p|
8πm2Bs
(∣∣A0(Bs → D∗sV )∣∣2 + 2 ∣∣AN (Bs → D∗sV )∣∣2 + 2 ∣∣AT (Bs → D∗sV )∣∣2) . (50)
In the decay amplitudes for the channels involving Ds1, the form factors are replaced correspondingly and mBs +mD∗s
is replaced by mBs −mDs1 .
Before proceeding, it is worth mentioning that the proof of factorization of Bs decays into two charmed mesons
such as Bs → D∗sD∗s is absent in the literature. Nevertheless, since only the color-allowed tree diagrams are considered
in this work, the nonfactorizable diagrams are typically small and the factorization usually works very well [46–48].
For instance, our predictions of the branching fractions of these channels are well consistent with the experimental
results. This verifies the applicability of the factorization approach.
1 For the heavy quark, it means the residual momentum after separating the large label momentum.
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TABLE III: Branching ratios of nonleptonic Bs decays into D
∗
s and a comparison with theoretical results[53–55] and experi-
mental data
Factorization [53] perturbative QCD [54, 55] This work Exp.
B¯0s → D
∗+
s π
− 2.8× 10−3 (2.42+1.37−1.06)× 10
−3 (3.5+0.4−0.4)× 10
−3 (2.4+0.7−0.6)× 10
−3
B¯0s → D
∗+
s K
− 2.1× 10−4 (1.65+1.06−0.82)× 10
−4 (2.8+0.3−0.3)× 10
−4
B¯0s → D
∗+
s D
− 3.3× 10−4 (2.7+1.9−1.4)× 10
−4 (3.7+0.4−0.4)× 10
−4
B¯0s → D
∗+
s D
−
s 7.4× 10
−3 (7.0+4.8−3.8)× 10
−3 (9.2+1.1−1.1)× 10
−3
B¯0s → D
∗+
s ρ
− 8.9× 10−3 (5.69+3.59−2.84)× 10
−3 (11.8+3.3−3.1)× 10
−3 (11.3+1.4−1.3)× 10
−3
B¯0s → D
∗+
s K
∗− 4.8× 10−4 (3.47+2.24−1.72)× 10
−4 (5.5+0.6−0.6)× 10
−4
B¯0s → D
∗+
s D
∗− 1.0× 10−3 (3.9+2.9−2.3)× 10
−4 (8.6+1.0−0.9)× 10
−4
B¯0s → D
∗+
s D
∗−
s 2.9× 10
−2 (9.9+7.7−6.2)× 10
−3 (23.6+4.0−3.8)× 10
−3 (3.1+1.4−1.3)%
TABLE IV: Branching ratios of nonleptonic Bs decays into Ds(3040) with different assignments
π− K− D− D−s
B¯0s → D
+
s1(
3P1) (3.2
+0.5
−0.5)× 10
−4 (2.5+0.4−0.4)× 10
−5 (1.4+0.2−0.2)× 10
−5 (2.8+0.4−0.4)× 10
−4
B¯0s → D
+
s1(
1P1) (1.2
+0.3
−0.3)× 10
−3 (9.3+2.2−2.0)× 10
−5 (5.7+1.5−1.3)× 10
−5 (1.1+0.3−0.3)× 10
−3
B¯0s → D
+
s1(P
1/2
1 ) (3.0
+4.5
−2.9)× 10
−5 (2.3+3.5−2.3)× 10
−6 (1.5+2.2−1.5)× 10
−6 (3.0+4.4−3.1)× 10
−5
B¯0s → D
+
s1(P
3/2
1 ) (1.5
+0.2
−0.2)× 10
−3 (1.2+0.2−0.1)× 10
−4 (6.9+1.1−1.0)× 10
−5 (1.4+0.2−0.2)× 10
−3
ρ− K∗− D∗− D∗−s
B¯0s → D
+
s1(
3P1) (1.3
+0.2
−0.2)× 10
−3 (6.4+0.7−0.8)× 10
−5 (6.6+1.2−1.2)× 10
−5 (1.4+0.3−0.3)× 10
−3
B¯0s → D
+
s1(
1P1) (3.0
+0.7
−0.6)× 10
−3 (1.4+0.3−0.3)× 10
−4 (4.5+0.9−0.8)× 10
−5 (9.0+2.0−1.8)× 10
−4
B¯0s → D
+
s1(P
1/2
1 ) (1.6
+1.0
−0.7)× 10
−4 (8.5+4.4−3.0)× 10
−6 (1.1+0.5−0.4)× 10
−5 (2.4+1.1−1.0)× 10
−4
B¯0s → D
+
s1(P
3/2
1 ) (3.3
+0.6
−0.7)× 10
−3 (1.5+0.3−0.3)× 10
−4 (8.9+0.7−0.7)× 10
−5 (1.9+0.2−0.2)× 10
−3
Using the above parameters, we directly obtain the branching fractions which are collected in Table III and Table IV.
For comparison, we also collect two sets of different theoretical predictions on the Bs → D∗s decays [53–55] and the
relevant experimental data [44, 45]. From Table III we can see that our predictions on Bs → D∗s decay channels
are consistent with the experimental data within uncertainties. This may also imply that our results for Bs →
Ds(3040) are reliable. Results in the factorization method [53] are also close to our results but the perturbative
QCD predictions [54, 55] are typically smaller. For instance, the central value of the perturbative QCD result of
B¯0s → D∗+s D∗−s is smaller than our result by a factor of 2.5.
Our uncertainties are from the form factors, i.e., from the quark masses and the shape parameters. Uncertainties
in the perturbative QCD approach shown in Table III are from three sets of input parameters: (1) decay constants of
fBs = (0.24± 0.03) GeV (in Ref.[54]) or fBs = (0.23 ± 0.03) GeV (in Ref.[55]), and the shape parameters of the Bs
wave functions ωb = (0.50 ± 0.05) GeV; (2) the factorization scale (from 0.75t to 1.25t not changing the transverse
part) and the hadronic scale ΛQCD = (0.25±0.05) GeV; (3) the CKM matrix elements Vcs and Vud. Among them, the
hadronic inputs are found to give the largest uncertainties, while the ones from CKM are the smallest. For instance,
the branching fraction of B¯0s → D∗+s π− with these three kinds of errors is given as
B(B¯0s → D∗+s π−) = (2.42+1.12+0.78+0.07−0.72−0.77−0.07)× 10−3. (51)
Uncertainties in the PQCD approach are larger than our results for several reasons.
• Compared with the fBs adopted in this work, the uncertainty in their computations is larger by a factor of 2.
• In the PQCD approach, the Bs wave function has such a property that the decay constant can be factorized out
and then fBs is only the normalization constant of the wave functions. In the PQCD approach, the authors have
independently estimated these two uncertainties and added them together as their final results. On the contrary,
in the covariant LFQM the decay constant can not be factorized, but has been expressed as a convolution form
as shown in Eq. (26). In this case, only the decay constant is the origin for the uncertainties, which will be
smaller.
• The uncertainties caused by factorization scales and hadronic scales in the PQCD approach characterize higher
order QCD corrections and can be viewed as the model-dependent errors (or systematic errors). They are
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smaller than but still in similar magnitude with the ones from the Bs wave functions. One particular type of
model-dependent uncertainties in this quark model concerns the zero-mode contributions. A direct evaluation
of the form factors in the light-front quark model suffers from the non-covariance problem. It is resolved with
the inclusion of the zero-mode contributions, i.e. the Z-graph as in the conventional LFQM, and the direct
treatment of the spurious terms with the replacement rules as in the covariant LFQM. Different results can be
produced. However, at present such computation in the conventional light-front quark model is not available.
Therefore, it is not possible to estimate the systematic errors.
In Bs → Ds1 decays with a pseudoscalar meson emitted, the decay amplitudes only involve the form factor V0. The
large form factors for the P
3/2
1 and
1P1 result in large BRs. Similarly, the large uncertainty for V0(Bs → Ds1(P 1/21 ))
also gives large uncertainties to the BRs.
Channels with the emissions of K− and D− are suppressed by roughly one order of magnitude compared with the
case emitting a pion and Ds meson. This is due to the hierarchy in CKM matrix elements: |Vus| ∼ |Vcd| ∼ 0.22 ≪
|Vud| ∼ |Vcs| ∼ 1.
Under different quantum number assignments for Ds(3040), the branching fractions Bs → Ds(3040)ρ and Bs →
Ds(3040)D
∗
s can reach the order of 10
−3. But the modes with the emissions of K∗ and D∗ are smaller by 1 to 2 orders.
Nevertheless, all of these channels have a promising prospect on the LHCb experiment with sufficient statistics for
the Bs production.
V. CONCLUSIONS
Using the covariant light-front quark model, we have studied the Bs → Ds(3040) form factors, including the
Bs → D∗s form factors as a byproduct. The form factors are computed in the space-like region and extrapolated
to the physical region through a three-parameter form. Those form factors are used to predict the semileptonic
and nonleptonic Bs decays. In particular, the predictions on branching fractions, longitudinal polarization fractions
and the angular asymmetry, are provided. Our results for Bs → D∗s decays are consistent with the experimental
data for the Bs and B decays which are related by the flavor symmetry. For Bs → Ds(3040), we find that the
branching fractions are large enough to be observed on the LHCb experiment. For instance, the BRs of semileptonic
Bs → Ds(3040)lν¯, nonleptonic Bs → Ds1ρ, and Bs → Ds1D∗s can reach the order of 10−3. In spite of similar
production rates, the different assignments for the Ds(3040) can be distinguished by the polarization fractions and
angular asymmetries. We expect more experimental results from the B factories and LHC etc in the near future.
They would be helpful to provide deeper insights into the c¯s spectroscopy.
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Appendix A: Some specific rules under the p− integration
When performing the p− integration one needs to includes the zero-mode contribution to solve the noncovariance
problem. This amounts to performing the integration in a proper way in the covariant LFQM [27, 28]. In particular
for p′1µ and pˆ
′
1µp
′
1ν we have
pˆ′1µ
.
= PµA
(1)
1 + qµA
(1)
2 , Nˆ2 → Z2,
pˆ′1µpˆ
′
1ν
.
= gµνA
(2)
1 + PµPνA
(2)
2 + (Pµqν + qµPν)A
(2)
3 + qµqνA
(2)
4 , (A1)
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with the symbol
.
= denoting that these equations are valid after integration. A
(i)
j are functions of x1,2, p
′2
⊥, p
′
⊥ · q⊥
and q2
Z2 = Nˆ
′
1 +m
′2
1 −m22 + (1− 2x1)M ′2 + (q2 + q · P )
p′⊥ · q⊥
q2
,
A
(1)
1 =
x1
2
, A
(1)
2 = A
(1)
1 −
p′⊥ · q⊥
q2
, A
(2)
1 = −p′2⊥ −
(p′⊥ · q⊥)2
q2
,
A
(2)
3 = A
(1)
1 A
(1)
2 , A
(2)
4 =
(
A
(1)
2
)2 − 1
q2
A
(2)
1 . (A2)
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